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ABSTRACT: A general approach to fabricate nanowires based
inorganic/organic composite flexible thermoelectric fabric using a
simple and efficacious five-step vacuum filtration process is proposed.
As an excellent example, the performance of freestanding flexible
thermoelectric thin film using copper telluride nanowires/polyvinyli-
dene fluoride (Cu,,sTe NWs/PVDF = 2:1) as building block is
demonstrated. By burying the Cu,,sTe NWs into the PVDF polymer
agent, the flexible fabric exhibits room-temperature Seebeck coeflicient
and electric conductivity of 9.6 ;V/K and 2490 S/cm, respectively,
resulting in a power factor of 23 yW/(mK?) that is comparable to the
bulk counterpart. Furthermore, this NW-based flexible fabric can endure
hundreds of cycles of bending tests without significant performance
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hermoelectric materials, which can directly convert heat to
electric or vice versa, offer a promising potential to
convert body heat continuously into electrical power that can
be applied to portable/wearable electronic devices.”” One of
the most crucial factors for thermoelectric materials used in the
portable devices is flexibility.” Unfortunately, the traditional
inorganic bulk thermoelectric materials™> are brittle and fragile,
whereas organic flexible polymers often possess poor thermo-
electric performance,6 making them unsuitable for kinetic
applications. Recently, with the reduction of dimensionality and
size, inorganic materials would become flexible/plastic to a
certain extent.” However, the flexibility of nanosized inorganic
materials is too poor to fabricate freestanding thermoelectric
fabrics by themselves.” Therefore, combining the flexible
polymer with some kinds of inorganic nanomaterials that
have great thermoelectric performance and a certain flexibility is
regarded as an effective route to solve this predicament."*~""
Up to now, zero dimensional (0D) and two-dimensional
(2D) nanostructures have been applied to fabricate flexible
thermoelectric fabrics.”''™'® Normally, these nanostructures
are dispersed in solutions to form stable and easy-to-handle
colloidal inks, allowing solution processing of thermoelectric
fabrics or fibers. So far, the most commonly used inorganic
colloidal inks are 0D quantum dot materials,"* which can
readily form thermodynamically stable colloidal solutions and
be further modulated into thin film materials on diverse
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substrates (such as nylon cloth'” and glass fiber'”) via a simple
dip coating process. However, these thermoelectric fabrics are
too vulnerable due to the weak bonding between the 0D
nanocrystal and substrates. Moreover, the 0D nanocrystal
coated flexible thermoelectric films possess low electric
conductivity owing to the induced electron scattering caused
by the large number of grain boundaries,'> leading to low
power factor eventually. Compared with the 0D nanocrystal,
the 2D nanostructures were proved to be a better choice to
manufacture organic/inorganic flexible thermoelectric fabrics to
a certain extent because of the reduced grain boundaries and
high surface coverage (~90%).""" In our previous report," the
Bi,Se; nanoplate/PVDF composite exhibits a power factor of
near 30 uW/(mK?). However, according to the previous
studies,® the electric conductivity of nanoplate is still lower
than that of one-dimensional (1D) nanostructured counterpart.
At this point, the 1D nanostructure based composite is believed
to be another promising build block for thermoelectric
fabrics."® To date, the most common inorganic materials to
fabricate organic/inorganic fabrics are Te nanowires/nano-
rods.”'” Nevertheless, most of these fabrics are not highly
flexible.*® Moreover, few reports on the metal tellurides were
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Figure 1. Schematic illustration of the fabrication procedure for the flexible thermoelectric fabric, including (a) vacuum filtration to form a NWs film,
(b) mechanical pressing using a 30 MPa pressure for 1S s after cutting the film into square and transferring to a cleaning glass, (c) annealing at 150
°C in vacuum for 30 min, (d) drop-coating PVDF solution upon the film, and (e) peeling off the NWs/PVDF film by immersing the film in
methanol after baking 2 h to evaporate DMF. (f) The roll-up photograph of the as-fabricated thermoelectric film demonstrates the highly flexibility.
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Figure 2. (a) XRD patterns of pristine Te (blue) and Cu, ;sTe NWs (dark brown), the corresponding standard Te (cyan) and Cu,,;Te (orange)
were also displayed; (b, c) TEM images with insets showing the corresponding HRTEM images of Te and Cu,;sTe NWs, respectively.

found, which actually possess promising thermoelectric
performance and have been widely used in bulk thermo-
electrics.

Herein, a general method to fabricate flexible organic/
inorganic thermoelectric fabric by vacuum filtration using
copper telluride nanowires (Cu,,sTe NWs) as building block
and PVDF as flexible substrate is put forward. This 1D NW-
based flexible thermoelectric fabric has the following merits: (I)
the tightly connected 3D NW-based-network can enhance
electrical conductivity of the composite film; (II) compared
with the 0D quantum dot and 2D nanoplate based fabrics, the
1D NW-based fabric possess a higher surface coverage and thus
higher durability, especially for the highly flexible Cu,,sTe
NWs;'¢ (III) the vacuum filtration route is easily scaled up for
wide applications and can be extended to other inorganic NW-
based fabrics.

The fabrication process of Cu,,sTe NWs/PVDF flexible
thermoelectric fabric is divided into the following five steps: (I)
synthesis of Cu,,sTe NWs with high aspect ratio and removal
of surfactant surrounded the NWs;'® (II) fabrication of the
Cu, ;,sTe NWs film by vacuum filtration, and the fabricated thin
film is cut into square and transferred to a cleaned glass
substrate;'” (II1) the film on the glass substrate is compacted
under a pressure of 30 MPa for 15 s, and then annealed at 150
°C in vacuum; (IV) proper amount of PVDF dissolved in
dimethylformamide (DMF) is drop-coated on the Cu,,sTe
NWs film and heated to 80 °C for holding 2 h to evaporate the
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DMF; (V) the film is peeled off by immersing in methanol to
obtain the fabric. The detailed fabrication procedure is
illustrated in Figure 1, with Figure 1f demonstrating the high
flexibility of as-fabricated thermoelectric fabric. Experimental
details are provided in Supporting Information. Here,
considering the compromise between electrical conductivity
and flexibility, Cu, ,sTe NWs/PVDF fabrics with ratio of 2:1 is
adopted, which has the optimized performance.

Figure 2 shows the X-ray diffraction (XRD) patterns and the
corresponding transmission electron microscope (TEM)
images of Te NWs and the subsequent copper telluride NWs.
From the XRD pattern (Figure 2a), no impurities can be
detected for copper telluride, suggesting that the as-synthesized
Te NWs converted into copper telluride NWs completely. All
the diffraction peaks are in great agreement with the copper
telluride, which was further indexed to Cu,;sTe determined by
EDS (Figure S1). The wirelike 1D nanostructure was
confirmed by TEM (Figure 2b, c). Statistical analyses of the
TEM image revealed that the as-synthesized Te NWs have
average diameter and length of 7 + 1 nm and ~5 um,
respectively. In detail, when the mild reducing agent (ascorbic
acid) was injected into the mixture solution with Te NWs and
Cu?* jons, Cu** ions were reduced to Cu*. Then the reduced
Cu* ions would induce a disproportional reaction on surface of
Te NWs by Te — Te*"+Te?". Finally, Cu* ions reacted with
Te’™ and in situ formed a stable copper poor stoichiometric
structure Cu;,sTe. The average diameter of the original
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nanowires increases to 10 + 2 nm after Cu atoms were
integrated into Te NWs and converted into Cu,,sTe NWs. It is
worth mentioning that the Cu, ,sTe NWs become curved alon%
the axial direction, indicating the highly flexible nature.”
Although the morphology of Cu,,sTe NWs made the accurate
estimation of length impossible, it is obvious that the length
increases more distinguishably than the diameter when the Te
NWs are transformed into the Cu,;,;Te NWs. This
phenomenon is caused by the fact that both the Te and the
Cu,,sTe possess hexagonal lattice structure, thus the trans-
formation of lattice topology tends to be initiated along c¢ axis,
that is, the growth direction of Te NWs.

Before the Cu;,sTe NWs are annealed and buried upon
PVDF, simple mechanical pressing as a preliminary treatment is
necessary to reduce the number of junction,”"*” because this
strategy not only effectively increases the connection of
Cu;7sTe NWs but also improves the film morphology.
Specially, at the first beginning, the transferred Cu,,sTe NWs
film deposited on the glass substrate is porous and poorly
connected. As shown in Figure 1b, 30 MPa pressure was
applied for 15 s on the Cu,;Te NWs film, leading to a pretty
tightly connected nanonetwork after the stamping process.
However, there are still some weak connections among the
Cu,,sTe NWs after stamping, which could reduce the electric
conductivity significantly because of the carrier filtering effect at
the interface. Therefore, the stamped Cu,,sTe NWs film is
then annealed at 150 °C for 30 min in vacuum to allow the
Cu,;5Te NWs melting and fusing at the junctions or along the
axial direction. Finally, the Cu,,sTe NWs film is buried in the
PVDF matrix by drop coating the PVDEF solution.

From the top-viewed SEM image of the as-fabricated
Cu,,sTe/PVDF fabric, the unpressed fabric has a relatively
rough surface (Figure 3a) and the Cu,,sTe NWs are loosely
bounded (Figure 3b), which seriously deteriorated the electrical
conductivity (~50 S/cm). On the contrary, the pressed and
annealed fabric possesses a relatively smooth surface (Figure
3¢), and all the Cu,,sTe NWs are tightly connected with each

Figure 3. Top-viewed SEM images of the unpressed Cu,,sTe NWs/
PVDF fabric with (a) low-resolution and (b) high-resolution, weak
connection is clearly observed. (c, d) Corresponding SEM images of
the after-treated Cu,,sTe NWs/PVDF fabric (pressed under 30 MPa
and annealed at 150 °C in vacuum), revealing the tight connection.

other (Figure 3d) with thickness around S um. The after-
treated fabric shows an improved electrical conductivity as high
as ~2490 S/cm. The surface topographies of the as-fabricated
Cu,,sTe NWs/PVDF fabric, examined by atomic force
microscopy (AFM), are given in Figure 4. Figure 43, c reveals
a network of randomly oriented Cu, ,sTe NWs before pressing,
and the height elevation varies markedly (Figure 4b) with the
average height around 40 nm. On the contrary, the surface
topographies of the pressed and annealed fabric appears much
smoother (in Figure 4d, f) and the average height variation of
the 4 X 4 um? scanning area is less than 20 nm (Figure 4e),
which is much smaller than that of the unpressed one.

For flexible thermoelectric fabrics, the thermoelectric
property is normally evaluated by the so-called power factor
(PF = d?c), where a and ¢ are the Seebeck coefficient and
electrical conductivity, respectively."” Here, the power factor of
the as-prepared flexible Cu,,sTe NWs/PVDF fabric was
measured using a custom built apparatus similar to that
reported by Kim et al.”> The measurement errors for the
electrical conductivity and Seebeck coeflicient were +10 S/m
and +0.1 pV/K, respectively. Due to the ultralow conductivity
of unpressed Cu, ,sTe NWs/PVDF fabric, only the after-treated
one is measured. The temperature-dependent electrical
conductivity for the Cu,,sTe NWs/PVDF fabric is shown in
Figure Sa. The room temperature value of 2490 S/cm is
comparable to that of the Cu,Te bulk counterpart.””* It is
noteworthy that the electrical conductivity of the after-treated
Cu,,sTe NWs/PVDF fabric derived from the present
fabrication process is about 60% of the reported values for
the Cu, ;sTe vacuum-deposited film counterpart,”® whereas the
simple mixture of the inorganic and PVDFE only possess
electrical conductivity about one-third of the bulk counterpart.'
The enhancement of electrical conductivity can be attributed to
the reduced grain boundaries after pressing and annealing.
Meanwhile, the reduction in electrical conductivity (~40%) for
the after-treated fabric compared with its bulk counterpart is
mainly caused by the carrier scattering within the NW-NW
junctions. Despite the slightly reduced conductivity by
incorporation of NWs into the fabric, the temperature-
dependent conductivity exhibits metallic behavior, which is
exemplified by the negative slope with respect to temperature.
This is in accordance with the previous report due to the high
carrier concentrations accompanied by the large amount copper
defects.”” Metallic electrical conductivity is typically described
by the Bloch—Gruneisen model, which is characterized by a
near linear negative slop and low temperature leveling of
conductivity because of a defect in the scattering residual
resistivity.

The temperature dependence of the Seebeck coefficient for
the Cu;;sTe NWs/PVDF fabric is shown Figure Sb. The
positive slope indicates a majority of hole carriers. The exact
room temperature value of 9.6 ;V/K is slightly higher than that
of the bulk counterpart,” which is mainly attributed to the
NW’s electron filtering effect at the interface. Because the
carriers without sufficient energy are known to decrease the
Seebeck coeflicient, the enhancement of Seebeck coefficient for
the after-treated fabric can be ascribed to the filtered carriers
originated from the NW—NW conjunctions and the uncon-
ducting polymer PVDF. Although it was not shown here, it is
observed that the Seebeck coefficient is exclusively determined
by Cu, ;,sTe NWs without observable contribution from PVDF
regardless with the ratio (see Figure S2). Furthermore, like our
previous report,’ the temperature-dependent Seebeck coef-
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Figure 4. AFM topological images (involving 2D morphology image, height line profile, and 3D AFM topological image) of the (a—c) unpressed
and (d—f) after-treated Cu,,sTe NWs/PVDF fabrics.
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Figure S. Temperature-dependent (a) electrical conductivity, (b) Seebeck coefficient, and (c) power factor of the thermoelectric Cu,,sTe NWs/
PVDF fabric, (d) plot of Seebeck coefficient of the thermoelectric fabric versus TV

ficient does not indicate complete metallic-like behavior in spite of Cu;,sTe NW composites exhibits a heterogeneous
of the metallic-like temperature-dependent electrical conduc- composite nature with a decreasing Seebeck coefficient with
tivity behavior. Actually, the metallic thermoelectric behavior decreased temperature and an increasing slope as the values
exhibits linear temperature dependence, but the Cu,,sTe trend toward zero at lower temperature. This behavior can be
NWs/PVDF fabric presents a slightly decreasing slope with ascribed to a heterogeneous model characterized by a linear
increasing temperature. That is to say, the Seebeck coefhicient metallic term plus a modified T"? exponentially weighted
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semiconducting term, which arises from NW—NW junctions.
The model can be described by

T 1/1+d
a(T) = aT + CTI/ZeXPl_(FI)

where T is the absolute temperature, a and ¢ are constants
respectively governing the linear and T*/* contributions, T| is
an energy barrier constant for hopping from NW to NW, and d
is the dimensionality of the conducting material. In this case, a
dimensionality of 2 demonstrates the low space-filling
percolation network of Cu,,sTe NWs. The resulting fitting
curve is shown in Figure 5d.

These electrical conductivity and Seebeck coefficient values
combine to yield a power factor of a¢” as shown in Figure Sc.
Although the Seebeck coefficient value of Cu,,Te NWs/
PVDF fabric is low, the ultrahigh electrical conductivity makes
the room-temperature power factor of 23 yW/(mK?), which is
comparable to our previous Bi,Se; nanoplates based flexible
film." As thermal conductivity of thin film is difficulty to
measure, in order to get an estimated figure of merit (ZT) for
the Cu,,sTe NW/PVDF fabric, thermal conductivity of
Cu,,sTe NW-based pellet was measured using the laser flash
diffusivity apparatus (Netzsch LFA 4S57) under an argon
atmosphere. Here, thermal conductivity is calculated by using
the relationship of k = pC,D, where p is the density, and D and
C, are the thermal diffusivity and the specific heat, respectively.
In this case, the average thermal conductivity of Cu, ;sTe NW-
based pellet was determined around 0.85 W/(mK). However,
as phonon scattering with the numerous interfaces and the
insulating PVDF is introduced, the lattice thermal conductivity
of the present composite fabrics should be significantly
decreased and the overall thermal conductivity is believed to
be much lower than their bulk/pellets counterpart. Therefore, it
is predicted that the real ZT of the composite should be much
higher than 0.01 at room temperature. Table 1 compares the

Table 1. Room-Temperature Thermoelectric Performance
between the Present Cu, ,;Te-Based Thermoelectrics
Fabrics and Other As-Reported Carbon Related Composite
Fabrics

a PF
(uv/ %

o (x 10*S/m) K) mK?) ref
Cu, ,sTe thin film 65 6 23.4 26
PEDOT:PSS/graphene 15 15 33 2
graphene/PVDF 02 183 0.52 >
MWCNT /polystyrene 0.5 S0 12.5 30
Cu, ,sTe/PVDF 24.9 9.6 23 this work

room temperature thermoelectric performance between the
present Cu,,sTe-based thermoelectrics fabrics and the as-
reported other related composites, which demonstrates the
quite decent thermoelectrical performance of Cu,,sTe/PVDF
thin film. Moreover, to illustrate the flexibility of the present
fabric, the electrical conductivities of Cu,,;Te NWs/PVDF
fabric before and after bending tests are exhibited in Figure 6.
The electrical conductivities do not vary dramatically until 300
cycles, indicating that the thermoelectric fabric possesses a high
flexibility and reliability. During this range, the Seebeck
coeflicient of the fabric remains almost the same with the
increasing bending times, thus the trend for the electrical
conductivity represents the variation of power factor. Over all,
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Figure 6. Reliability of a Cu,;sTe NW/PVDF fabric with the inset
images for the bending test.

these results demonstrate the feasibility of using the Cu,,sTe
NW-based composites in kinetic applications to a certain
extent.

In conclusion, a simple and easy to scale-up method to
fabricate NW-based flexible thermoelectric fabric is developed
and exhibited by using Cu,,sTe NWs as building block and
PVDF as flexible substrate. The as-fabricated Cu,,;Te NWs/
PVDF fabric exhibits power factor of 23 4W/(m K?) at room
temperature. The thermoelectric properties do not degrade
greatly after 300 cycles bending tests. It is believed that the
thermoelectric properties of this NW-based thermoelectric
fabric can be further improved by using other inorganic NWs,
such as Bi,Te; Ag,Te, or Ag,Se NWs that having better
thermoelectric performance around room temperature.
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